The reactions of dipyridylmethane (dpma) with group 13 trichlorides were investigated in 1:1 and 1:2 molar ratios using NMR spectroscopy and X-ray crystallography. and that of the methylene bridge in particular. As a whole, the facile reactivity of the methylene bridge in the dpma ligand renders it amenable to further reactivity and functionalization that is not possible in the case of bpy.
Abstract
The reactions of dipyridylmethane (dpma) with group 13 trichlorides were investigated in 1:1 and 1:2 molar ratios using NMR spectroscopy and X-ray crystallography. In the case of InCl3, a neutral monoadduct (dpma)InCl3 formed regardless of the stoichiometry employed. A neutral adduct (dpma)(BCl3)2 was obtained from the reaction between dpma and BCl3 in Et2O using 1:2 stoichiometry. With 1:1 molar ratio of reagents, a mixture of products and deprotonation of the methylene bridge in [(dpma)BCl2] + was observed.
The experimental data showed that the structural flexibility of the dpma ligand results in more diverse coordination chemistry with group 13 elements than that observed for bipyridine (bpy), while computational investigations indicated that the investigated metal-ligand interactions are, to a first approximation, independent of the ligand type. Electrochemical and chemical attempts to reduce the cations [(dpma)MCl2] + showed that, in stark contrast to the chemistry of the related
Introduction
The heterocyclic 2,2'-bipyridine (bpy) ligand is one of the cornerstones of modern coordination chemistry. Its ubiquitous nature is best exemplified by the more than 8000 hits found in the Cambridge Crystallographic Database that contain this ligand coordinated to a metal centre. 1 Consequently, the understanding and appreciation of the electronic structure of bpy have shaped the development of many different fields of chemistry. One particularly noteworthy example is metal complexes of bpy with the general formula [M(bpy)3)] n+ and the dication [Ru(bpy)3] 2+ in particular. 2 The latter is a well-known luminophore 3 whose optical and physicochemical properties make it ideally suited for photochemical applications with recent high-impact examples from bioanalysis 4 and photocatalysis.
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In contrast to the widespread use of bpy as a bidentate chelating ligand, the coordination chemistry of 2,2′-dipyridylmethane (dpma) appears to be significantly underdeveloped with only a handful of extant structurally characterized examples. 1 This is understandable in part as the methylene bridge disrupts the -conjugation between the pyridyl rings, thereby influencing the photochemical properties of the ligand. Nevertheless, the coordination properties of the dpma ligand have received some attention, particularly in platinum(II) chemistry. Specifically, platinum complexes supported by dpma ligands have recently been shown to activate C-H bonds in arenes, 6 to undergo oxidative addition with CHCl3 and CH2Cl2, 7 and to function as highly efficient catalysts for olefin hydroarylation. 8 Recently we reported the synthesis of an aluminium complex [(dpme)2Al] + and its one-electron reduction to the corresponding radical, [(dpme)2Al]  , 9 thereby demonstrating the non-innocent behaviour of anionic, deprotonated, 2,2′-dipyridylmethene (dpme) ligand which is analogous to the ubiquitous -diketiminate (nacnac) framework. This research was motivated by the realization that the structurally related 2,2′-dipyrromethenes (dipyme) are examples of non-innocent ligands with highly interesting redox properties. 10 As essential background to further studies of the deprotonated dpme ligand, it was necessary to gain a more complete understanding of the coordination chemistry of its neutral precursor, the dpma ligand, with group 13 elements.
Herein we report the results of our investigations on the reactions of dpma with group 13 trichlorides. We describe the synthesis and characterization of ionic aluminium and gallium Throughout this report, the results will be compared and contrasted with the coordination chemistry of the bpy ligand. CuKα radiation (λ = 1.54184 Å) at -150 °C. For compounds 1a, 2c and 3, the data were processed using DENZO-SMN v0.93.0 by applying empirical absorption correction, whereas for compounds 1b and 4, the data were processed using CrysAlisPro v1.171.36.28 by performing an analytical numeric absorption correction using a multifaceted crystal (as implemented in CrysAlisPro). All structures were solved by direct methods with the help of the SIR-97 program 11 and refined using SHELXL-97 12 within Olex2. 13 After the full-matrix least-squares refinement of all non-hydrogen atoms with anisotropic thermal parameters, the hydrogen atoms were placed in calculated (idealized) positions. The isotropic thermal parameters of the hydrogen atoms were fixed at 1.2 times that of the respective heavy atoms and they were treated as riding atoms in the final refinement. For details of the crystallographic data, see ESI †.
Electrochemical experiments.
Cyclic voltammetry experiments were carried out using a Princeton Applied Research PARSTAT 2273 potentiostat. A conventional three electrode cell fitted with a platinum or glassy carbon working electrode, a platinum counter electrode and a silver reference electrode was used in all measurements. The cyclic voltammograms (CVs) were recorded at +21±2 °C using solutions ~5 mM in analyte in freshly distilled CH3CN or CH2Cl2
-supporting electrolyte. All CVs were referenced against an internal standard (~5 mM ferrocene) and measured using scan rates between 0.1 and 10 Vs -1 .
Computational details. All calculations were done with the Gaussian 09 program package. 14 The geometries of studied systems were optimized in the gas phase with density functional theory (DFT) using the hybrid PBE1PBE exchange-correlation functional 15 in combination with the def-TZVP basis sets. 16 Frequency calculations were performed for all stationary points found to find out their nature on the potential energy hypersurface.
Synthesis of (2-NC5H4)2CH2 (dpma). The neutral ligand (2-NC5H4)2CH2 (dpma) was prepared according to a literature procedure giving a yellow oily product in 51% yield. 17 Reaction between dpma and AlCl3 in Et2O in 1:2 molar ratio. A solution of dpma (0.170g, 1.00 mmol) in 10 mL of Et2O was cooled to -78 °C and a solution of AlCl3 (0.267 g, 2.00 mmol) in 10 mL of Et2O was added via cannula. The reaction mixture was stirred for 10 min at -78 °C and 1.5 h at room temperature, after which the precipitate was allowed to settle and the solvent was decanted via cannula. The product was washed with Et2O (1 × 5 mL) and dried under vacuum, giving a white powder (0.307 g). Characterization of the product via 1 H NMR showed it to be a mixture of 1b and 2d; for further details, see main text and ESI †. Crystals of 1b,
-, suitable for single crystal X-ray diffraction measurement were grown by slow diffusion from THF and n-hexane.
Synthesis of (dpma)InCl3 (3).
A solution of dpma (0.170 g, 1.00 mmol) in 10 mL of Et2O was cooled to -78 °C and a solution of InCl3 (0.221 g, 1.00 mmol) in 10 mL of Et2O was added via cannula. The reaction mixture was stirred for 10 min at -78 °C and 3 h at room temperature, after which the precipitate was allowed to settle and the solvent was decanted. The product was dried under vacuum, giving 3 as a pale yellow powder (0.360 g, 92%). The same synthesis was also performed using 1:2 ratio between dpma (0.170 g, 1.00 mmol) and InCl3 (0.442 g, 2.00 mmol), yielding a pale yellow powder (0.532 g) that was spectroscopically and crystallographically identical to 3. Crystals suitable for single crystal X-ray diffraction measurement were obtained by slow diffusion from THF and n-hexane. 
Synthesis of (dpma)(BCl3)2 (4).
A solution of dpma (0.142 g, 0.82 mmol) in 15 mL of Et2O was cooled to -78 °C and a solution of BCl3 (1.6 mL, 1.60 mmol) in hexanes was added via syringe. The reaction mixture was stirred for 10 min at -78 °C, which resulted in formation of an off-white precipitate. The stirring was continued for one hour at room temperature after which the solvent was decanted and the precipitate was dried under vacuum, giving 4 as an off-white powder (0.289 g, 86%). Crystals suitable for single crystal X-ray diffraction measurement were obtained by slow diffusion from CH2Cl2 and n-hexane. Reaction between dpma and BCl3 in toluene in 1:1 molar ratio. A solution of BCl3 in hexanes (1.0 mL, 1.00 mmol) was added to a stirred solution of dpma (0.170 g, 1.00 mmol) in toluene at -78 °C. After stirring for 3 h at room temperature, a yellow-orange precipitate was formed. The precipitate was allowed to settle, after which the red solution was decanted and both phases dried under vacuum. Subsequent 1 H NMR studies showed that the solvent phase contains a mixture of products, whereas the precipitate was found to be the salt [H2(dpma)]
2+
[Cl] [Cl] -, whereas the red solution was found to contain the complex (dpme)BCl2; for further details, see main text and ESI †.
Results and discussion
Reactions of dipyridylmethane (dpma) with MCl3 (M = Al, Ga) in 1:1 molar ratio. A reaction between dpma and GaCl3 was carried out in 1:1 molar ratio at -78 °C in Et2O. A white precipitate formed immediately and after an appropriate reaction time, the product was separated from the solution, washed and dried to afford a white powder in excellent yield (95 %).
Compound 1a was crystallized as colourless single crystals suitable for X-ray diffraction studies from a 1:1 mixture of CH3CN and n-hexane (Fig. 1) . The solid state structure of 1a shows that it consists of discrete tetrahedral [GaCl4] -anions and octahedral [cis-(dpma)2GaCl2] + cations packed in alternating layers with no significant close contacts between the two; molecules of crystallization solvent (CH2Cl2) fill the remaining cavities in the lattice. The structure of the cation has C2 symmetry and adopts a cis-conformation. The key bond parameters of the cation in 1a show two nearly identical and distinctively bent dpma ligands, each with a bridge N-C-C-C dihedral angle close to 60°; the bending of the ligand framework in 1a is similar to other known main group metal complexes incorporating the dpma ligand. 18 The crystal structure of 1a shows the methylene hydrogens to be inequivalent and remote from the two chlorine atoms. The average Ga-N bond length in 1a is 2.125(4) Å which is slightly longer than that in an analogous salt containing the bpy
-, 2.103(2) Å; the Ga-Cl distances are also comparable between these structures. 19 The room temperature 1 H NMR spectrum from the product (in d8-THF) shows a singlet at 4.14 ppm and four multiplets from 7.58 to 8.99 ppm (see Fig. S1 in ESI †). Although all signals are of equal intensity, as expected, the singlet corresponding to the methylene hydrogens is extremely broad, as is also the case for one of the multiplets in the aromatic region. and it decomposes gradually into the free dpma ligand as well as to other uncharacterized products. -(1b). Similarly to the synthesis of 1a, the reaction between dpma and AlCl3 was carried out in 1:1 molar ratio by the addition of the metal halide at -78 °C in Et2O, which resulted in an immediate formation of a white precipitate. After an appropriate reaction time and separation from the mother liquor, a white powdery product was isolated in good yield (87%).
In view of the previously observed solution behaviour of 1a, the product was first characterized When measuring the 1 H NMR spectra of the 1b:2b mixture in different solvents, it was found that a complete conversion to 2b takes place rapidly in CD3CN. However, unlike for 1a, repeated 1 H NMR measurements for 2b in CD3CN showed no change in the spectral data. Consequently, the 1:1 reaction between dpma and AlCl3 was repeated in CH3CN, yielding 2b as a pure product.
The room temperature 1 H NMR spectrum of 2b (in CD3CN) shows a singlet for the bridging methylene hydrogens at 4.61 ppm and four multiplets for the pyridyl hydrogens from 7.55 to 8.62
ppm (see Fig. S6 in ESI †).
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Despite extensive crystallization efforts, we were not able to grow single crystals of 2b from CH3CN. However, colourless crystals suitable for single crystal X-ray structural studies were obtained using a mixture of THF and n-hexane as the solvent system. A subsequent structure determination showed that the crystals actually contain the salt [cis-(dpma)2AlCl2]
that is analogous to 1a (Fig. 1) . The preferred crystallization of 1b over 2b from THF and n-hexane solvent system is not overly surprising taking into account that a mixture of products was seen in the 1 H NMR in d8-THF. The cation in 1b is close to ideal C2 symmetry and adopts cis-conformation with respect to the two chloride atoms. The key metrical parameters of the dpma ligands in 1b are virtually identical to that in 1a (see Table S2 Reactions of dipyridylmethane (dpma) with MCl3 (M = Al, Ga) in 1:2 molar ratio. Since the reactions between dpma and MCl3 turned out to be more complex than anticipated, we were also interested in examining them using a 1:2 molar ratio of the reagents. The synthesis between 1 equivalent of dpma and 2 equivalents of GaCl3 was carried out by the addition of the metal halide at -78 °C in Et2O. A white precipitate formed immediately after the addition of GaCl3 and the product was isolated as a white powder after workup in good yield (88%).
The room temperature 1 H NMR spectrum (in d8-THF) recorded for the product is similar to that of 1a (see Fig. S7 in ESI †): a broad singlet for the methylene hydrogens is observed at 4.75 ppm, whereas the pyridyl bound hydrogens show a set of multiplets between 7.81 and 8.97 ppm. The broadness of the observed signals suggests that a ligand redistribution process is again occurring, which prompted us to conduct VT 1 H NMR studies also for this compound (see ESI † for details).
As in the case of 1a, the solution was found to contain two major species in a temperature dependent equilibrium. Fig. S9 in ESI †), whereas a very small amount of 1a is visible in CD3CN with no indication of a dynamic process that is faster than the NMR timescale (see Fig. S10 in ESI †).
The above spectral interpretation is supported by results from crystallization studies that yielded excellent quality colourless single crystals of the salt 2c (Fig. 2) CD3CN) . As expected, the addition of AlCl3 results in a characteristic downfield shift of the singlet associated to the methylene hydrogens from 4.61 (2b) to 5.02 ppm, thereby yielding a 1 H NMR spectrum that is identical to that of pure 2d (see Fig. S13 in ESI †). We also note that a similar trend is seen in the 1 H NMR data of the gallium analogues 2a and 2c, in which case the singlet shifts similarly from 4.62 to 4.97 ppm (in d8-THF).
Reactions of dipyridylmethane (dpma) with InCl3 in 1:1 and 1:2 molar ratios. In a similar fashion to the synthesis of 1a, the reaction between dpma and InCl3 was performed in 1:1 stoichiometry at -78 °C in Et2O. A pale yellow precipitate formed immediately upon addition of InCl3. After stirring for 3 h at room temperature, a yellow powder was isolated in excellent yield (92%). Crystals suitable for a single crystal X-ray structure determination were grown from the powder by slow diffusion of n-hexane into a THF solution. All attempts to grow crystals of 3 from non-coordinating solvents failed due to the low solubility of the product. The reaction between dpma and InCl3 in 1:2 stoichiometry in Et2O also gave a pale yellow and highly insoluble powder in low yield. Subsequent characterization of the product by 1 H NMR spectroscopy (in d8-THF) and X-ray crystallography showed the product to be the adduct 3 (see Reactions of dipyridylmethane (dpma) with BCl3 in 1:1 and 1:2 molar ratios. A reaction between dpma and BCl3 was first performed using a 1:2 molar ratio of the reagents. The synthesis was carried out by the addition of BCl3 to Et2O solution of dpma at -78 °C, after which the reaction mixture was stirred for 1 h at room temperature. After removal of volatiles, the product was isolated as a fine off-white powder in good yield (86%). Single crystals of the product were obtained by slow diffusion from CH2Cl2 and n-hexane.
The results from single crystal X-ray structural studies (Fig. 3) show that the 1:2 reaction between dpma and BCl3 gives a neutral diadduct (dpma) (BCl3)2 (4) -. This kind of reactivity has been reported for coordination complexes of related ligands with a methylene bridge and a 1,3-diimine core. 24 These simple transformations would therefore lead directly to the product mixture observed spectroscopically.
In order to test the above hypothesis, the 1:1 reaction between dpma and BCl3 was repeated in the presence of an equimolar amount of trimethylamine. As a stronger base, trimethylamine should protonate more easily and crystallize out from the reaction mixture as the salt [Et3NH]
Consequently, the reaction should in this instance yield a single complex of the deprotonated dpme ligand i.e. (dpme)BCl2. In good agreement with this prediction, the reaction gave a red solution and a light orange precipitate or which the latter was confirmed to be the known salt Fig. S18 in ESI †). The relative integration of the signals is 1:8, which confirms the presence of an anionic dpme ligand i.e. the neutral complex (dpme)BCl2; the identity of the product was subsequently confirmed by single crystal X-ray crystallography. it is known that the reactions of group 13 halides with bpy are complex and depend on the solvent and stoichiometry. 21, 27 No VT NMR data of these reactions have been published, but it has been concluded that the exclusive crystallization of specific salts may simply be a result of precipitation of the least soluble cation, 21 which therefore leaves the predominant solution species unknown.
The results reported herein show that the dpma ligand displays complex solution behaviour with both AlCl3 and GaCl3, suggesting that the same could also be true for the bpy ligand. However, in all instances where crystal structures were obtained in this work (salts 1a, 1b and 2c), the composition of the determined structure was indeed consistent with the predominant species present in solution.
There are a number of coordination complexes of bpy with indium. Most relevant to the work reported herein are the solvated adducts of (bpy)InCl3 similar to 3•THF. For example, (bpy)InCl3•H2O has been prepared from InCl3 and bpy in aqueous conditions. 28 The + that is structurally similar to that in 2c. 31 The compound was synthesized 35 ligand non-innocence is also a prominent feature in main group chemistry of bpy and that of group 13 elements in particular.
Having therefore established the scope of coordination chemistry for the dpma ligand with group 13 elements, we turned our attention to investigate its possible non-innocent behaviour and the possibility to form paramagnetic group 13 complexes containing the anionic (dpma) -radical. and Ga-N, respectively, which shows that, to a first approximation, the metal-ligand bonding is independent of the ligand type. 
Computational investigations of the cations [(dpma)
MCl2
Conclusions
In this comprehensive study, the reactions of dipyridylmethane (dpma) with MCl3 ( In contrast to the charge separated products obtained from the reactions of dpma with AlCl3 and GaCl3, similar reactions with BCl3 and InCl3 in Et2O led to the characterization of neutral adducts.
In the case of InCl3, the adduct (dpma)InCl3•THF (3•THF) was obtained as the sole product irrespective of the stoichiometry employed. Conversely, the outcome of the reaction employing BCl3 was dependent on the molar ratio of reagents. While 1:2 stoichiometry afforded the diadduct (dpma)(BCl3)2 (4), the use of an equimolar amount of reagents resulted in a mixture of products and subsequent deprotonation of the dpma ligand to give the neutral complex (dpme)BCl2.
The results of this work can be compared to the chemistry of the ubiquitous bipyridine (bpy) ligand with group 13 trihalides. Computational data shows that the intrinsic metal-ligand bond strengths in the examined complexes are virtually independent of the ligand type. Thus, as far as the bond strength is concerned, the dpma ligand should have wide applicability in coordination chemistry. Furthermore, the presence of a methylene bridge in the dpma ligand renders the structural versatility of its complexes more varied than that observed for bpy. This is best Despite the suitable coordinating properties of dpma, the results from electrochemical reduction experiments show it to be a poor electron acceptor. Coordination to a group 13 metal can be used to tune the reduction potential of the ligand to a more accessible range, but the purported radicals [(dpma)MCl2]  (M = Al, Ga) were found to be highly unstable, possibly dissociating chloride to yield metal centred radicals with fleeting existence. The different redox behaviour of dpma with respect to bpy can be rationalized with the electronic structure of the ligand and the presence of a methylene bridge in particular. This conclusion is further supported by our recent EPR spectroscopic characterization of the persistent spirocyclic radical [(dpme)2Al]  in which the ligand is deprotonated and has a methene, not methylene, bridge.
With these features and characteristics of the dpma ligand in mind, we are currently continuing our investigations on redox non-innocent dpme and related nacnac-type ligands in main group complexes. Furthermore, we are also examining the possibility to take use of the facile reactivity observed for the methylene bridge in dpma to perform further ligand functionalization not possible 
